We report enhanced performance of Al 0.3 Ga 0.7 N / GaN high electron mobility transistors ͑HEMTs͒ grown on sapphire substrates incorporating isoelectronic indium surfactant doping in the two-dimensional electron gas channel, the AlGaN spacer, and the AlGaN cap layer. We found that the isoelectronic In doping plays the role of surfactant and can effectively reduce the defect density. The In surfactant also lowers the interface roughness scattering and improves the surface morphology, leading to higher electron mobility at 300 and 77 K. More than 30% increase in the drain saturation current and peak transconductance were observed in the In-doped devices that also showed negligible current collapse and high cutoff frequencies. The on-wafer output power, linear gain and power-added efficiency of an unpassivated 1 ϫ 100 m device measured at 2 GHz were 3.01 W / mm, 20.9 dB, and 35.7%, respectively.
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Recently, AlGaN/ GaN heterostructure and its potential device applications have attracted considerable attention because of the unique material properties. The combination of wide band-gap and built-in electrical polarization renders AlGaN/ GaN based high electron mobility transistors ͑HEMTs͒ ideal for high-power, high-frequency, and highbreakdown microwave devices. 1 Since the first demonstration of AlGaN/ GaN HEMTs, 2 tremendous progress has been made in material growth and device fabrication techniques. [3] [4] [5] [6] [7] However, almost all high-performance AlGaN/ GaN HEMTs were grown on semi-insulating SiC substrates, for the advantages of the small lattice mismatch and good thermal dissipation. [3] [4] [5] [6] III nitrides heteroepitaxially grown on sapphire substrates contain high-density dislocations due to the larger lattice and thermal expansion mismatch between the III-nitride epilayers and the substrates. 8 The high-density dislocations of AlGaN/ GaN heterostructures not only increase the buffer and gate leakage currents, but also have a significant impact on the mobility of the two-dimensional electron gas ͑2DEG͒ channel. Defects such as edge or misfit dislocations, alloy disorders, as well as interface roughness result in strong scattering on the 2DEG, which degrades the radio-frequency ͑rf͒ characteristics of AlGaN/ GaN HEMTs. 9, 10 Moreover, current collapse observed in AlGaN/ GaN HEMTs, primarily a result of surface states, has been the major obstacle in commercialization of reliable high power devices. Currently, the main challenge to enhance the rf performance of AlGaN/ GaN HEMTs is to reduce the dislocation densities in the bulk, layer interfaces, as well as the surface morphology of the AlGaN/ GaN heterostructures.
It was shown that control of growth by manipulation of surface energies provides a new avenue to achieve high quality man-made microstructure against thermodynamic odds.
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Shu and co-workers reported that In-doped GaN showed reduced pit defects. 12 It was found that the presence of indium modifies the diffusion kinetics in the growing surface of hexagonal GaN ͑Ref. 13͒ and cubic GaN, 14 leading to twodimensional layer-by-layer growth. It seems that isoelectronic indium doping can play the role of surfactant and effectively improves the GaN film quality.
In this letter, we report Al 0.3 Ga 0.7 N / GaN HEMTs doped by isoelectronic indium-surfactant in the 2DEG channel, the spacer and the cap layers in the AlGaN barrier. The In-doped sample showed improved dc and rf characteristics due to low-density dislocations and higher 2DEG mobility.
Modulation-doped Al 0.3 Ga 0.7 N / GaN heterostructures were grown on ͑0001͒ sapphire substrates using metalorganic chemical vapor deposition ͑MOCVD͒ in an AIX-2000HT system. Trimethylgallium ͑TMGa͒, trimethylaluminum ͑TMAl͒, trimethylindium ͑TMIn͒ and ammonia ͑NH 3 ͒ were used as Ga, Al, In, and N precursors, with H 2 as the carrier gas. Following a GaN nucleation grown at 550°C, 2-m-thick undoped GaN buffer layer was grown at 1190°C. The modulation-doped structure consisted of a 20 nm In-doped GaN channel, a 3 nm In-doped AlGaN spacer, a 15 nm Si-doped AlGaNcarrier supply layer with a doping level of 3 ϫ 10 18 cm −3 , and a 2 nm In-doped AlGaN barrier layer, all grown at 1140°C, as shown in Fig. 1͑a͒ . The flow rate of TMIn was kept at 2.04 mol/ min based on previous result. 14 It is well known that incorporation of indium atoms into the GaN film is difficult at high growth temperatures. A quantitative measure of the indium incorporation in the layers was attempted but not feasible. The Al mole fraction and the AlGaN thickness determined using double-crystal x-ray diffraction and mercury-probe capacitance-voltage were around 30% and 20 nm respectively, which are consistent with those in our conventional Al 0.3 Ga 0.7 N / GaN heterostructures, with no Ga 1−x In x N alloy formation. Secondary-ionmass-spectrometry ͑SIMS͒ data also showed no detectable indium element in the In-doped sample, indicating very low indium incorporation in the Al 0.3 Ga 0.7 N layer. Low-density dislocation spots and fish-cheek-like atomic steps of the Al 0.3 Ga 0.7 N surface in the In-doped sample were observed by atomic force microscope ͑AFM͒, as shown in Fig. 1͑b͒ generally recognized that the dot-shaped defects ͓marked "A" in Fig 1͑b͔͒ are either a + c-type mixed threading dislocation with partial screw characteristics or smaller dark spots originated from pure edge dislocations. 15, 16 The line-shaped defects ͑marked "B"͒ are related to stacking faults and when present in large densities, they result in partial strain relaxation. 15 The screw-type dislocations ͑c-type͒ and dislocations of mixed Burgers vector ͑a + c-type͒ have been identified as the most deleterious source of leakage in vertical devices. 17 The desirable feature for In-doped sample, with characteristics of low-density mixed threading dislocations ͑A type͒, is believed to play an important role in reducing gate leakage current and increasing 2DEG mobility.
Shown in Table I are the mobility ͑͒ and sheet carrier density ͑n s ͒ data of conventional and In-doped 2DEG samples, determined by van der Pauw Hall measurements at 300 and 77 K. The In-doped sample showed a higher mobility, 1320 cm 2 / V s at 300 K and 5740 cm 2 /V s at 77 K, respectively, consistent with AFM data showing lower defect density and alloy disorder, as well as weaker interface scattering on the 2DEG. 9, 10 The measured sheet carrier density ͑n s ͒ of the In-doped sample by Hall and C-V is in better agreement than conventional HEMT samples, suggesting lower surface state in the In-doped sample. 1 The role of indium in the Ga/ Al surface would be to saturate the free bond of N atoms allowing Ga/ Al adatoms to diffuse freely on the surface, with an increased probability of exploring the possible incorporation sites, eventually resulting in a vertical exchange with In atoms. As a consequence, the Ga/ Al mean free path is increased, limiting the probability of incorporation into wrong lattice sites. 13, 14 Shu and co-workers also showed that structure defects were decreased with increase of TMIn flow rates as some vacancies were occupied by the isoelectronic dopants.
12 Table I also shows the reduced gate leakage current and increased breakdown in the In-doped Al 0.3 Ga 0.7 N / GaN HEMTs. Specifically, the In-doped device showed a hard breakdown characteristic compared to a soft breakdown in conventional devices.
The dc output characteristics of Al 0.3 Ga 0.7 N / GaN HEMTs with 1 m gate length and 100 m of the gate width were probed on wafer using an HP4156A precision semiconductor parameter analyzer on devices. The currentvoltage characteristics of conventional and In-doped Al 0.3 Ga 0.7 N / GaN HEMTs are plotted in Fig. 2͑a͒ . More than 30% increase in the drain saturation current was observed in the In-doped device. At a gate bias of 1 V, peak drain current densities of the conventional and In-doped devices were 709 and 922 mA/ mm, respectively. The dc transfer characteristics of the corresponding devices, with similar threshold voltages of −3.4 and −3.5 V, are shown in Fig 2͑b͒. The peak transconductance ͑g m ͒ of the In-doped device was about 227 mS/ mm, much larger than that of the conventional device ͑165 mS/ mm͒, reflecting its high-electron-saturated drift velocity in the 2DEG channel.
Drain current collapse has been one of the major obstacles in the development of reliable high-power devices. The current collapse is usually dominated by surface states that act as electron traps located in the gate-drain access region. 18 Most unpassivated In-doped devices show negligible current collapse even under a drain bias of 25 V and a gate bias of −5 V as the starting bias point for the pulsed measurement ͑pulse length and separation time were 0.2 s and 1 ms͒, as shown in Fig. 3 . These device results are consistent with the material property, lower surface state density on the Al 0.3 Ga 0.7 N surface, originated from the reduced surface defects and vacancies induced by indium-surfactantdoping. Figure 4͑a͒ shows a comparison of conventional and Indoped devices, with the current gain and power gain as a function of frequency. The cutoff frequencies ͑f t and f max ͒ of the corresponding devices with 1-m-long gate were extrapolated at a drain bias of 8 V and a gate bias of −2 V. For the In-doped device, a f t of 19.1 GHz and a f max of 56.3 GHz were obtained respectively, which are much higher than f t of 12.3 GHz and f max of 34.5 GHz for the conventional device.
The increased cutoff frequencies are attributed to the improved 2DEG mobility and reduced leakage ͑both buffer and gate leakages͒ of the In-doped sample.
Shown in Fig. 4͑b͒ is on-wafer output power measurement with unpassivated devices at 2 GHz, under a drain bias of 35 V and a gate bias of −2 V. Tuning for maximum output power, a P sat of 3.01 W / mm, a linear gain of 20.9 dB, and a peak power-added efficiency ͑PAE͒ of 35.7% was obtained for the In-doped device. Compared values for the conventional device were P sat = 1.73 W / mm, linear gain = 10.5 dB, and peak PAE= 15.5%.
In summary, we demonstrated effective isoelectronic indium-surfactant-doping in Al 0.3 Ga 0.7 N / GaN HEMTs grown on sapphire substrates. The In-doped sample showed a high mobility of the 2DEG resulting from reduced defects, alloy disorder, and interface scattering on the 2DEG. The In-doped HEMTs also showed negligible current collapse and improved dc and rf performance compared to conventional HEMTs. The high performance of In-doped Al 0.3 Ga 0.7 N / GaN HEMTs is attributed to the reduced mixed dislocations, lower surface states, and increased 2DEG mobility. 
